The understanding of drillbit-rock interaction is essential to the optimisation of the percussive drilling technology. It is obvious that rock fragments mainly as a result of the contact forces developed during impacts. In addition, the modelling of the dynamic response of a drilling module is possible if the contact law can be described in terms of the force and penetration. In this paper, the resultant contact force versus penetration is examined for a drillbit with conical and spherical inserts in contact with a rock.
Introduction
Percussive drilling is widely used in the mining industry for rock fragmentation. It has also found application within the oil and gas industry with increasing potential for its use in hard rock formations. The basic mechanism of rock fragmentation in percussive drilling is due to indentation loading during repeated impacts which results in the contact forces needed for the rock failure. The magnitude of the force created affects the drilling performance and is governed by the geometry of the inserts or cutters on the drillbit.
In order to optimise the percussive drilling process, it is important to understand the contact interaction between the drillbit and rock. This knowledge is essential for the development of fit for purpose drillbits and also the optimisation of the design of the drilling module. While it is worth noting that several studies [1] - [6] have been conducted to understand the rock fragmentation process and some have even proposed a bit-rock interaction model [7] , only a few [8] - [10] have put forward theoretical models that relate the rock properties to the forces created at the interface. For instance, Wiercigroch et al. [8] have proposed a dry friction model to describe the forces at the impact interface and predict the progression achieved in an ultrasonic percussive drilling. Pavlovskaia et al. [9] have also used the Kelvin Voigt model to represent the contact forces in their work on drifting impact oscillator, a system similar to percussive drilling. Franca et al. [10] put forward a similar model for resonance hammer drilling. However, these models do not take into account the influence of the geometry of the inserts and the resulting permanent deformation or damage as a result of the high stress in the contact region.
Consequently, it is necessary to determine the actual force-penetration relationship resulting from the drillbit-rock interaction. This relationship can be incorporated into a dynamic model that captures the response of the drilling module. In the current study, experimental tests are carried out to determine the force-penetration response for indenter geometries similar to that of the drillbit inserts or cutters. We note that many drillbit inserts are conical or spherical in shape. Hence indentation tests with conical or spherical indenter will provide the necessary insight into the possible force-penetration relationship obtainable for the drillbits.
Although the drilling process is dynamic, the impact velocities are, in most cases, significantly lower than the wave speed in the rock. Hence the resulting observation for the dynamic case should not differ from the static. In this study, static and dynamic indentation tests are carried out on some rock samples and the results are compared to verify this assumption.
The structure of this paper is as follows. First, existing theoretical approach for determining the force-penetration relationship based on contact mechanics is presented. This serves as a yardstick for the experimental results. The description of the experimental setups and procedure for quasi-static indentation of some rock samples are then outlined.
Next, the observations from the experiments are presented and expressions relating the penetration to the applied load are derived based on the curve fitting of the data produced. This process is then repeated for the dynamic tests and finally the conclusions are made based on the results.
Indentation Contact Mechanics
Although the mechanism of rock fracture due to interaction with the drillbit inserts or cutters has been studied extensively [11, 12] , not much has been done to systematically establish its force-penetration relationship. However, studies in contact mechanics provide a wealth of results applicable to the present work.
It was mentioned earlier that the geometry of the cutters or inserts on drillbits is close to conical or spherical. Thus we assume the drillbit-rock interaction is analogous to the case of a rock loaded by multiple conical or spherical indenters.
Love [13] showed that the indentation force versus penetration response for a medium at an impact velocity that is much lower than the wave speed did not differ from that obtained when it was quasi-statically loaded. Furthermore, it was established that when the region of contact was very small compared to the overall dimensions of the contact bodies then the influence of reflected waves on the contact zone was insignificant such that the deformed region could be regarded as being under a quasi-static loading [14] . These arguments apply to the drillbit-rock interaction problem in percussive drilling. Thus the results from previous studies on quasi-static indentation theory and experiments are relevant to the current study.
Foremost amongst such results are those by Johnson [15] , who showed that the mean contact pressure between a rigid conical indenter and an elastic-ideally plastic half space is given by
where E is the elastic modulus of the medium, Y is its yield strength, ν is the Poisson's ratio and β is the angle between the conical surface and the elastic-plastic half space (see Fig.1(a) ). The results of experiments carried out on metals [16, 17] are in reasonable agreement with (1) . By considering static equilibrium of forces, the indentation force Figure 1 . Penetration of a medium by (a) conical and (b) spherical impactors (pile-up exaggerated). Adapted from [15] .
during the loading phase, F , and penetration, δ, can be shown to be of the form
Hence the force-penetration relationship can be written in the form
where K c is given as
Here and thereafter subscript c is used to denote parameters associated with conical indenters.
Similarly, Stronge [18] showed that the indentation force versus penetration relationship for a rigid spherical indenter on an elastic-ideally plastic material ( Fig.1(b) ) is of the form
2.55
where F y and δ y are the force and penetration values, respectively, at the onset of plastic yield. The load at yield F y and the corresponding penetration δ y for a rigid spherical indenter of radius R are given by [19] F y = 23.25
where R is the radius of the spherical indenter, and Y and E s are the uniaxial yield strength and elastic modulus of the elastic-ideally plastic half space.
Similarity analysis and experimental studies in [21] suggest that the force-penetration relationship during a quasistatic indentation of an elastic-ideally plastic solid by a rigid spherical indenter is of the form
where K s and n s are material and geometric constants and subscript s is used to identify parameters associated with spherical indenters. The force-penetration response (5) proposed by Stronge [18] can be described by the power law relation (7).
These power-law force-penetration relations, which were originally developed for rigid indenters on elastic-ideally plastic materials, compare reasonably well with the results obtained for some rocks like sandstone [20, 22] and some ceramics [23] . The validity of the relations (3) and (7) for static and dynamic indentation of sandstone, granite and basalt is experimentally examined in the current paper.
Quasi-Static Indentation Tests
Percussive drilling generally involves low velocity impacts of a relatively smaller drilling module with a significantly larger earth-crust. The results of the quasi-static indentation of rocks presented in this paper are therefore applicable to this method of rock removal. In the following, the design of the indenters and the experimental setup used to establish the force-penetration relationship via quasi-static loading and the design of the indenters are described.
Design and manufacture of indenters
The drillbit inserts or cutters are considered as conical or spherical indenters. In order to ensure that results are not distorted due to poor indenter design, certain factors have been considered.
A steel conical indenter was designed with the base angle of the cone equal to 22.5
• (see Fig. 2 (a) ) to ensure the indentation angle was similar to that used in Vickers hardness tests. In addition, the tip of the cone was rounded to a radius of 1 mm while the base diameter of the cone was 10 mm for ease of manufacture. On the other hand, the spherical indenter was made by fitting a 10 mm diameter spherical steel ball into a hollow cylinder of the same inner diameter and 12 mm outer diameter (see Fig. 2 (b) ). The conical indenter and the hollow cylinder were made from mild steel. The assembly was then screwed onto a connector.
After machining, the indenter and the cylinder were case-hardened by heating to 900 • C, and subsequently dipping into Kasenite powder until they cooled. This process was repeated once more to force the hardening deeper. The pieces were then reheated to the same temperature of 900 • C and quenched in water. They were subsequently polished to remove the extra powder on their surfaces. Vickers hardness test was carried out on a piece of mild steel that has undergone the same heat treatment. This gave a hardness value of H V = 635 which is greater than that for sandstone (H V = 38), granite (H V = 315) and basalt (H V = 400). 
Experimental set-up and Procedure
Quasi-static indentation tests were carried out on samples of sandstone, granite and basalt. The samples were in the form rectangular blocks with dimensions 50 mm × 50 mm × 25 mm. The indenter was connected to a load cell on a screw-driven testing machine via a threaded connector (see Fig.3 ). The rock was loaded in displacement control at crosshead speeds of 0.1, 1, and 5 mm/min for sandstone. In the case of the basalt and granite , which are harder rocks, the tests were carried out at crosshead speeds of 1 and 2 mm/min. The load was applied until it reached between 7.5 kN and 12 kN, after which the sample was completely unloaded by reversing the motion of the crosshead. The displacement of the crosshead, which was measured by an LVDT, and the load were continuously recorded during the loading and unloading phases using a computerised data logger. We note that the overall dimensions of the samples and the contact area with the indenter causes the stiffness of the samples to be much smaller than the stiffness of the testing machine. Hence, the displacement captured by the LVDT is not influenced significantly by the stiffness of the testing machine. 
Observations and deductions
The results of the quasi-static indentation experiments on the rocks provide insight into the contact interactions between the bodies. It was observed that the indentation produced imprints on the rocks. Some specimens were loaded until fracture. Figure 4 shows a sandstone specimen that was subject to indentation loading using a spherical indenter and subsequently cut to reveal the damaged zone. A sandstone specimen loaded to failure using a conical indenter is shown in Fig. 5 . In both cases, a localised damage zone was formed directly below the imprint while the rest of the material was undamaged. The non-linear load versus displacement response and the residual surface impression are indication of a "quasi-plastic" deformation [23] .
In order to obtain the contact law from the experiments the load readings were plotted against the displacement data obtained for each test. A typical example is shown in Fig. 6 for a conical indenter on sandstone. The loading and unloading phases are also plotted separately in Fig. 7 (a) and (b). The load-displacement response for granite and basalt is qualitatively similar to that for sandstone but with lesser final penetration as a result of the greater hardness of these rocks.
These figures reveal that a non-linear relationship exits between the force and the penetration for both the loading and the unloading phases of the indentation. This is observed for all test speeds used, as such the response does not Damaged zone qualitatively depend on the rate of loading. The load-penetration curves shown in Fig. 6 suggest that the indentation behaviour of the rock samples is similar to that of metals as observed by Kicks [25] , Meyer [26] and Attaf [27] .
Hence, the crushed zone below the indenter is in a "quasi-plastic" state as suggested by Lawn [23] for ceramics since the force-penetration response is similar to that of an elastic-plastic medium.
The load-displacement curves can be fitted to a power-law type force-displacement relationship of the form
where δ is the displacement of the indenter into the rock in the loading phase or the relative displacement with respect to the deformation of the rock at the end of the unloading phase. F is the force, K is a material constant and n is an exponent whose value depends on phase of the loading, i.e. loading or unloading phase.
If the values of n and K are determined, then it is possible to develop a dynamic model using this contact force law to represent the resistance of the rock to the motion of the drilling module and hence determine its response and optimise its design.
In order to fit the experimental data to the proposed function, the linear least square method [25] is used to determine possible values of n and K. The following paragraphs outline the process.
Equation (8) is linearised by setting x = δ n to obtain
The values of n and the corresponding values of K that give the best approximation to the measured data are determined using the linear least square method. To achieve this, first it can be shown that for a given value n i ,
where q is the total number of possible exponents being considered, the corresponding K i is obtained from the expression
where j = 1, 2, .., k and k is the number of data points on the loading or unloading curve. This provides the value of K i for each assumed value of n i . The best (n i , K i ) combination is that which gives the minimum deviation from the measured response. For each n i and the corresponding K i , the predicted force, K i δ ni j , is compared with the measured force F j at a displacement δ j . The square of the deviation, ζ j , between the measured and the predicted force at each of the measured data point (δ j , F j ) is defined as The maximum value D i of the deviation associated with a given combination of material constants (n i , K i ) for a given measured data set is given by Figure 8 shows the effect of the assumed exponent n = n i on the maximum deviation D i . The best value of n is that which minimises the maximum deviation. It is noted that for the conical indenter loading at 0.1mm/min, the best value of n = n i = 1.73 with a corresponding value of K = K i = 12.73 kN/mm 1.73 . Tables 1 and 2 give a list of the values of n and K estimated for the conical and spherical indenters respectively in the loading and unloading phase at different test speeds. We note that the value of n in the loading phase is smaller than that for the unloading phase. The material constant n is relatively independent of the loading speed for the range of speeds considered. However, both K and n depend on the material and indenter geometry. The discrepancies in the value of n and K for identical test conditions can be attributed to the heterogeneity of the rock samples. A summary of the average values of K and n are presented in Table 3 . Figure 7 shows a comparison between the theoretical results (eqn. (3) ), the experimentally measured response and the empirical curves based on eqn (7) and average values of K and n in Table 3 . It is observed that all three curves are (3) and (7) can be used for the analysis of the quasi-static indentation of the rocks considered in this study.
Dynamic Tests
On the basis of the earlier arguments that the rock fragmentation process associated with impacts at velocities lower than the elastic wave speed of the medium by an indenter is identical to that due to quasi-static loading, the outcomes of the quasi-static experiments presented above were considered to be valid for the dynamic process. However, it is important to confirm that the force-penetration characteristics of the indentation process still remain the same for this kind of impact. To achieve this, an impact-fracture rig was designed to simulate the fragmentation of rocks at low collision speeds, and also to determine the resulting contact force-displacement relationship for rocks which would be applicable in a dynamic model for percussive drilling. 
Experimental set-up for dynamic indentation
The design of the impact fracture rig is based on the slider-crank mechanism shown in Fig. 9 . The flywheel is driven by an adjustable speed DC motor via a belt drive. The belts are mounted on equal diameter wheels to ensure that the flywheel spins at the same angular frequency as the electric motor. The flywheel is then linked via the connecting rod to the slider which is constrained to move within the guides resulting in an oscillatory motion in the horizontal direction. The guide surfaces were lubricated to minimise the effect of friction.
Accurate measurement of contact force is crucial to the success of the experiment. This is achieved by incorporating force measurement ability to the design of the slider. The slider was made up of three pieces. The first is a solid cylinder block made from aluminium to which the connecting rod is attached. The second part is a hollow cylinder, on which strain gauges are mounted thereby acting as a load cell. This is attached at one end to the free side of the aluminium cylinder, and at the other end to the third piece made in the form of a frustum which screws onto it. A conical indenter (base angle = 60 • ) is mounted on the frustum and a flat plate is also attached to it. The indenter on the slider penetrates the rock sample which is mounted on a fixed rig, with the rock face perpendicular to the axis of motion of the slider as shown in Fig. 9 . A LVDT is attached to the flat plate on the slider to record the displacement of the slider as it comes in contact with the rock.
To ensure impact occurs, the fixed rig for the rock is positioned within the stroke of the slider. Also, it is noted that the connecting rod slides within a slot in the flywheel. This guarantees a motion of the flywheel which continues freely during the impact of the slider with rock and prevents any jerky motion.
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Measurement of force and displacement
As mentioned earlier, the success of the experiment is pivoted on accurate measurement of the force and displacement during impact. This subsection describes the design of the load cell and the set-up for the LVDT in detail.
The load cell was made by placing strain gauges on the hollow cylinder that formed part of the slider. The indenter was mounted on a frustum which was screwed onto the cylinder as shown in Fig. 10 . The hollow cylinder was made from AISI 1050 stainless steel with an outer diameter of 32 mm and inner diameter of 28 mm, while the length was 45 mm. Four strain gauges (FLU-5-11, Gauge Factor= 2.12, Resistance= 120 Ω ) were mounted on the hollow cylinder and connected to make up a full Wheatstone bridge, with two gauges in the axial direction on opposite sides of the cylinder and two along the circumference, again, on two opposite sides. This configuration ensures that only tensile and compressive forces are captured by the setup and no torque or bending load influenced the change in the output voltage of the bridge. The compressive force measured by this setup is given by [29] 
where A is the cross-sectional area of the hollow cylinder, ∆e is the output voltage of the bridge, S g = 2.12 is the gauge factor, V is the excitation voltage, E c is the elastic modulus of the cylinder and ν is the Poisson's ratio of the hollow cylinder. The load cell was calibrated by uniaxial compression on a screw-driven test machine.
The displacement of the indenter into the rock was measured using a non-contacting LVDT (Macro sensor: PSR-4500-006) which was connected to the slider via a flat plate (see Fig.9 ). The LVDT is classified as an instrument with a dead time delay i.e. the result obtained from it lags behind the actual occurrence of the event [31] . This time delay becomes more pronounced in dynamic loading. To overcome this, the peak displacement measured for each impact was assumed to coincide with the peak force obtained from the load cell. Therefore, data points corresponding to the peak displacement were moved back in time to match the data point corresponding to the peak load. The start of the loading phase was subsequently estimated by assuming it lags behind that obtained from the load cell by the same magnitude as for the peak displacement.
Procedure for dynamic tests
First, the slider was positioned to allow it to acquire reasonable impact velocity when it moved. The rock piece was then fitted into its holder and tightened to ensure it was locked in place. The DC motor frequency was set to the desired values. The motor was then switched on and the load and displacement readings taken from the load cell and LVDT respectively. After few impacts, the motor was switched off and the frequency changed. The rock was then positioned such that a new surface was available for impacts and the test was then be repeated. In this study, the impact frequencies used were 3Hz, 4Hz and 5Hz.
(a) (b) Figure 11 . Formation of damaged zone in dynamic loading of sandstone. Damage as seen through (a) top view and (b) cut section.
Observations and deductions from dynamic tests
It was observed from experiments that the indenter crushes the rock material directly beneath the contact surface as the impact progresses. Figure 11 shows the damaged zone in a impacted rock sample that broke into two pieces. As suggested for the static test, the crushed zone represents a "quasi-plastic" behaviour [23] .
The indentation force-displacement response under impact loading is shown in Fig. 12 for three successive impacts of the sandstone. The impacts were at the same location on the surface of the sandstone. It is observed that the relationship between the force and the penetration is non-linear. The curves follow a similar trend to the response for the quasi-static test discussed earlier.
It is noted that all frequencies applied resulted in similar type of damage of the sample surface. This is attributed to the fact that the frequencies applied were not too different: 3 Hz to 5 Hz. As a result of the speeds involved the unloading phase was not captured adequately by the LVDT.
The experimental data provides us with the opportunity to deduce a contact law which can be used in the dynamic model for percussive drilling. To achieve this, a similar relationship to that proposed by Andrews et al. [31] to represent the force-penetration of the impact of a sharp indenter on a rate sensitive elastic-plastic material at low impact speeds is put forward in the present study to represent the relationship between the indentation force and the displacement of a rigid indenter on a rock. This is based on earlier observations from the analysis of experiments that suggested that the static indentation of rock results in a "quasi-plastic" material response. The relationship between the indentation force F and the penetration δ is given as
where δ ′ is the penetration velocity, and C 1 , C 2 and exponent n are material constants which depend on the geometry of the indenter and material. These constants can be obtained by adapting equation (14) so that the linear least square method could be applied to fit the experimental data as similarly carried out for the static tests.
In order to accomplish this, equation (14) is re-written in the form (f) Figure 12 . Force-displacement relationship for dynamic loading of sandstone at 3 Hz and 4 Hz, (a,b) first impact, (c,d) second impact and (e,f) third impact. All the impacts were at the same location.
Using the linear least square method [25] , it can be shown that
Applying a similar approach as that discussed for the static tests, the value of n and the corresponding value of C 1 and C 2 that produce the best curve fit are those which give the minimum deviation between the prediction, eqn. (14), and the experimentally measured response. This implies that for assumed values of n = n i we estimate the corresponding value of a i and b i using eqns. (16) and (17) and the measured penetration δ, penetration velocity δ ′ and indentation force F . The square of the deviation, ζ j , between the predicted force-displacement response using the estimated n = n i , a i and b i in eqn. (14) and the measured response for the jth measured data point is given by
The maximum of value of the deviation for a given data set, D i , is given by
The chosen combination of n, C 1 and C 2 are those that minimise the deviation. This approach is applied to all the impacts to determine the values of n, C 1 and C 2 . Table 4 gives a summary of the values of C 1 , C 2 and n obtained for the loading phase of a successive impacts. It is noted that the value of C 1 reduces after the first impact and soon attains a fairly constant value, while n has an average value of 2.10. It is observed that C 2 δ ′ ≪ 1. Thus, the second term in eqn. (14) can be neglected and we assume that similar force-displacement relationship exists for both the static and dynamic loading. It is also worth noting once again that expression for the force in terms of the penetration is thus approximately the same as that derived from (Table 3 ). This observation may be the consequence of rock heterogeneity and damage. As noted earlier, the value of parameter, C 1 remains relatively unchanged with increasing number of impacts.
It was pointed out earlier that the response could be predicted using static equation (3) for low velocity impacts.
The impact velocities in Table 4 are significantly lesser than typical wave speeds. Hence dynamic test condition could be classified as nearly quasi-static. Furthermore, the results estimated for C 1 at 4 Hz and 5 Hz stays fairly constant after few impacts. Therefore, the values of C 1 and n estimated after five impacts could be used as material constants in any dynamic model developed for percussive drilling.
Conclusions
The experimental studies confirm that the force, F , versus displacement , δ, relationships for the indentation of rock from both static and dynamic loading follow a power-law relationship F = Kδ n and F = C 1 δ n respectively.
The value of the exponent n obtained for both the static and dynamic tests have a value of about 2. This suggests that expression obtained using the elastic-plastic indentation theory reasonably agrees with the experimental observation.
Hence, the force-displacement relationship based on existing theoretical derivation provides a reasonable approximation for the resisting indentation force of rock in numerical simulation aimed at capturing the dynamic response of the drilling module.
Furthermore, it is noted that the relationship proposed for the dynamic test does not really differ from that for the static test. This confirms earlier studies that show that the rock fragmentation response does not differ significantly from quasi-static loading at impact velocities significantly lower than the wave speed in the rock. This observation is also a consequence of the fact that region of contact during the tests was several times smaller than the dimensions of the impacting bodies.
The current results are based on simplifying the response of the drillbit to that of a single indenter. Hence, the observation may differ for an actual drilling experiment. This is because the cutter or insert distribution on the drillbits may vary from one type to the other and their geometries are more complex than those used in these experiments.
The best force-penetration response would be obtained from indentation tests using an actual drillbit. However, the results from the experiments provide the foundations for the parametric studies required for the design of a percussive drilling module.
